On the other hand, PKAcs with cGMP did not increase IK currents, and pretreatment with KT5720 did not block the stimulating effects of 8-bromo-cGMP on the IK channels. These data suggest that NO activates IK channels through the PKG but not the PKA pathways, and it seems there is no cross activation between protein kinase G and PKA pathways in human dermal fibroblasts.
Introduction
Nitric oxide (NO) is a well-known transient paracrine and autocrine signaling molecule that exerts key regulatory and homeostatic functions in a variety of physiological and pathological processes. It is biosynthesized endogenously from L-arginine by nitric oxide synthase (NOS). All of the three different isoforms of NOS, namely neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS), are expressed in skin tissues (1) and are involved in growth and differentiation of skin cells (38). They also play significant roles in responses to skin repair and reconstruction (41) .
Fibroblasts, the most abundant cell type in the skin dermis, produce the fibrous extracellular matrix that gives the skin its mechanical resistance. Although fibroblasts are unexcitable cells, they express surpris-ingly diverse ion channels (8) . Among them, voltagegated K + (Kv) and Ca 2+ -activated K + (K Ca ) channels are found in nearly every cell, suggesting that these channels may be of physiological importance.
K Ca channels are important modulators of cellular activity because they regulate membrane potential and intracellular K + concentration. K Ca channels also constitute a major link between second messengers and the electrical activity of cells. It is now possible to distinguish three families of K Ca channels based on differences in their biophysical and pharmacological properties as well as differences in the genomic sequences. According to their conductance, these include large conductance K Ca (BK or K Ca 1.1) channels, intermediate conductance K Ca (IK or K Ca 3.1) channels, and small conductance K Ca (SK or K Ca 2.x) channels.
The ubiquitous BK channels are composed of pore-forming α subunit and auxiliary 4β subunits the gating of which is regulated by Ca 2+ and membrane voltage (34). These channels are important in membrane repolarization during action potentials, neuronal firing rates, the control of neurotransmitter release in excitable cells and proliferation and differentiation of endothelial cells and keratinocytes (14, 40) . The BK channels show a unitary conductance of 100~250 pS in a physiological K + gradient and 200~300 pS in symmetrical 140 mM K + solution (21) . SK channels are characterized by their small unitary conductance (4~14 pS) in physiological solutions and opened by submicromolar levels of Ca 2+ . The SK1, SK2 and SK3 genes encode the family of SK channels, which are apamin-sensitive, Ca 2+ -activated, voltage-independent and influence neuronal excitability (3) .
In particular, IK channels, encoded by the IKCa1 genes (13) , are expressed in a variety of normal and tumor cells, where they participate in important cell functions such as cell proliferation (17, 23, 25) . The IK channels are gated by intracellular Ca 2+ and voltageindependence. They have intermediate single channel conductance values of 20~80 pS in physiological solutions. Sodium nitroprusside, an NO donor, increases IK channels in the interstitial cells of Cajal that regulate pacemaker activity and excitability (42), and Larginine-methylester (L-NAME) increases IK channel expression in vascular smooth muscle (33).
At present, however, little is known about the effects of NO on IK channels in human skin fibroblasts. Thus, the present study was undertaken to investigate functional expression and characteristics of IK channels in human fibroblasts and to determine the effects and underlying mechanisms of NO on the channels.
Materials and Methods

Cell Preparation and Culture
This study was conducted according to the Declaration of Helsinki principles. Human abdominal skin tissues, the use of which was approved by the institutional review board of Chung-Ang University Hospital (No. I2007005), were obtained from women between the ages of 22 and 35 years old who received a repeat Caesarean operation. The subjects provided written informed consent. A piece of abdominal tissue was obtained from the scar and washed with phosphate-buffered saline solution (PBS, GIBCO, Grand Island, NY, USA). The dermal tissues were minced and transferred to PBS solution. After centrifugation, the tissues were agitated and cultured in medium containing Dulbecco's Modified Eagle's Medium (DMEM, GIBCO), fetal bovine serum (FBS, 20%, GIBCO), and penicillin (1%, Sigma, St. Louis, MO, USA) in a 5% CO 2 incubator. Confluent fibroblasts were detached with trypsin (0.05%) and EDTA (0.02%) in DMEM for a few minutes. Cells used in this study were from early passages (3 to 7) to limit possible variations.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from isolated human abdominal fibroblasts using the PureLink RNA Mini kit (Invitrogen, Carlsbad, CA, USA), and 2 μg of total RNA was reverse transcribed into first-strand cDNA. Reverse transcription was performed with random hexamers and the Super Script kit (Invitrogen) according to the manufacturer's instructions. The cDNA was amplified by 30 cycles of PCR with Perfect PreMix (Takara, Shiga, Japan) in a C1000 Thermal Cycler (BIO-RAD, CA, USA). The primer sequences were designed using Entrez (NCBI, NIH) and Primer3 (Whitehead Institute for Biomedical Research, Cambridge, MA, USA) based on known mRNA sequences (Table 1) . RT-PCR products were resolved by 1.2% agarose gel electrophoresis and visualized with ethidium bromide staining.
Western Blot Analysis
For analysis of protein levels, cells were rinsed twice with ice-cold PBS and then lysed in ice-cold lysis buffer by brief sonication. Protein concentration was measured by the Bradford assay. Extracts (30 μg of protein) were mixed with 2x sample buffer, boiled for 5 min, and then subjected to continuous electrophoresis using 10% SDS-PAGE. The separated proteins were transferred to nitrocellulose membranes by electrophoretic transfer and blocked in 5% skim milk for 1 h at room temperature. The membranes were rinsed and incubated with primary antibodies for 2 h at RT. The following primary antibodies were used: K Ca 1.1α (ab3586), K Ca 2.2 (ab83733), K Ca 2.3 (ab28631), and K Ca 3.1 (ab83740) from Abcam (Abcam plc, Cambridge, UK) and K Ca 1.1β (sc14751) from Santa Cruz Biotech (Santa Cruz, CA, USA). To normalize antigen expression to a major housekeeping gene product, membranes were reprobed with a monoclonal antibody against β-actin (ab6272, 1:2000, Abcam). After washing with 0.05% Tween-20 in PBS (PBST), the blots were incubated with donkey antigoat horseradish peroxidase-conjugated IgG (1:2000 in PBST, Santa Cruz). After several washings with PBS/0.1% Tween-20, bands were visualized by enhanced chemiluminescence and the membranes were exposed to radiographic film.
Immunocytochemistry
Cells were plated on poly-L-lysine-coated Aclar plastic coverslips and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min at RT. Fixed cells were incubated in the following primary antibodies specific for human K Ca channels: anti-K Ca 1.1α antibody (1:1000, rabbit polyclonal, Abcam), anti-K Ca 1.1β antibody (1:2000,donkey polyclonal, Santa Cruz), anti-K Ca 2.2, anti-K Ca 2.3 and anti-K Ca 3.1 antibodies (1:500, rabbit polyclonal, Abcam) overnight at 4°C. This was followed by incubation with goat anti-rabbit IgG (1:1000, Invitrogen) or donkey anti-goat IgG-HRP (1:1000, Santa Cruz) secondary antibodies for 1 h at RT. Cells were counterstained with 4'6-diamino-2-phenylindole (DAPI, Sigma) to identify cellular nuclei and viewed under an Olympus fluorescence microscope. Negative controls were also checked for nonspecific binding and false positive results.
Electrophysiological Recordings
A small aliquot of solution containing human dermal fibroblasts was placed in an open perfusion chamber mounted on the stage of an inverted microscope. The cells were allowed to adhere to the cover glass precoated with poly-L-lysine for 10-20 min and then superfused with Tyrode solution at 1 ml/min. Whole-cell and single-channel currents were recorded with an Axopatch 200B patch clamp amplifier (Axon Instruments, Union City, CA, USA). pCLAMP 9.0 (Axon Instruments) software was used for data acquisition as well as the analysis of both whole-cell and single-channel currents. Activated currents were filtered at 2 kHz and digitized at 10 kHz. Recording pipettes were pulled from borosilicate glass capillaries (TW150F-4, World Precision Instruments, Sarasota, FL, USA) using a microelectrode puller (PP-83, Narishige, Tokyo, Japan) and then fire-polished on a microforge (MF-83, Narishige). When filled with pipette solution, the pipettes exhibited a resistance of 2~3 MΩ in whole-cell recordings and 4~6 MΩ in single-channel recordings. In the single-channel recordings, the command potential was set at 0 mV, and depolarizing and hyperpolarizing pulses were applied. Channel activity was determined by NPo, where N is the number of active channels in the patch membrane and Po is the open-channel probability.
Solutions and Reagents for Electrophysiology
The composition of the bath solution for wholecell and cell-attached single-channel recordings was as follows: 145 mM NaCl, 5 ] was calculated using a program written by Peter Graffiths (Oxford University, U.K.). S-nitroso-N-acetylpenicillamine (SNAP) was purchased from Biomol (Plymouth Meeting, PA, USA). 1-ethyl-2-benzimidazolinone (EBIO), 4-(2-hydroxyethyl)-1-piperazineethane sulphonic acid (HEPES), bovine protein kinase G1-alpha (PKG 1α), 8-bromo-cyclic guanosine 3', 5'-monophosphate (8-Br-cGMP), 8-bromo-cyclic adenosine 3', 5'-monophosphate (8-Br-cAMP), bovine protein kinase A1 catalytic subunit (PKAcs), 1H-[1,2,4]-oxadiazolo [4,3-a] quinoxalin-1-one (ODQ) and other chemicals were purchased from Sigma. To dissolve clotrimazole (CLT) and KT5720, dimethyl sulfoxide (DMSO) was used at a concentration of less than 0.1%. In order to record only IK channel currents in the cells, IBTX (100 nM) and 4-AP (1 mM) were added into the bath solution to exclude the influence of BK channels and Kv channels, which are the major K + channels in human dermal fibroblasts.
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM). Comparisons of measurements between groups were conducted using the Student's paired t-test. A significant level of difference was set at either P < 0.05 or P < 0.01.
Results
Identification of K Ca Channels in Human Dermal Fibroblasts by Molecular Methods
RT-PCR experiments were conducted to determine the expression levels of mRNA for the subunits of K Ca channels in human dermal fibroblasts (Fig. 1A) . The primer sets used are illustrated in Table 1 . We found clear mRNA amplification of the pore-forming α subunit of K Ca 1.1 (BK) channels with auxiliary β 1~4 subunits. Clear mRNA amplification of K Ca 3.1 (IK) channels was also observed. Weak amplification products were detected for K Ca 2.2 and K Ca 2.3 (SK2 and SK3, subunits of small conductance K Ca channels) mRNA but not for K Ca 2.1. To detect proteins of each K Ca channel subunit, the expression of which in human dermal fibroblasts was identified by RT-PCR, Western blot analysis using commercial K Ca channel subunitspecific antibodies was conducted, and immunoreactive protein bands for K Ca channel subunits were found (Fig. 1B) . K Ca 1.1α and K Ca 1.1β antibodies detected a prominent band of molecular weight ~35 kDa and ~22 kDa, respectively. The K Ca 2.2 antibody revealed a band at ~64 kDa. The K Ca 2.3 antibody also revealed a band at ~82 kDa and K Ca 3.1 antibody showed at a band at~47 kDa. To further verify the presence of K Ca channel subunits in human dermal fibroblasts, the cells were labeled by immunocytochemistry (Fig. 1C) . Consistent with the RT-PCR and Western blot results, anti-K Ca 1.1α, anti-K Ca 1.1β, anti-K Ca 2.2, anti-K Ca 2.3 and anti-K Ca 3.1 subunits were specifically labeled in the cells. In the negative control, non-specific binding and false positive results were not found (data not shown).
Identification of Functional Intermediate Conductance K Ca Channels by Electrophysiological Methods
High Ca 2+ (pCa 6.0) in an internal pipette solution was used to activate K Ca channels for electrophysiological patch clamp recordings. Under these conditions, outward K + currents were generated by incremental 10 mV depolarizing steps from -60 mV to +50 mV for 400 ms (holding potential was -70 mV). These currents oscillated under strong depolarization and were well maintained throughout the test pulse without marked inactivation ( Fig. 2A) . They showed rapid activation around -40 mV and outward rectification in the current-voltage (I-V) curve (Fig. 2B) . The average size of the currents was 146 ± 32 pA at a +50 mV test pulse (n = 9). To block the voltage-gated K + (Kv) and BK channels, which are the main K + currents of human dermal fibroblasts, and to isolate only IK channels from these cells, 100 nM iberiotoxin (IBTX), a specific BK channel blocker and 1 mM 4-aminopyridine (4-AP), a specific Kv channel blocker, were added to the bath solutions. The outward K + currents were decreased to 61.2 ± 10.5% of the control at 50 mV by IBTX plus 4-AP (at +50 mV, 48.7 ± 21.9 pA, n = 9, *P < 0.05 vs. control, Fig. 2, A and B) . In the continued presence of IBTX plus 4-AP, further addition of 300 μM EBIO, a specific IK channel activator, significantly reversed the inhibition of the current amplitude caused by IBTX plus 4-AP in human dermal fibroblasts (at +50 mV, 84.2 ± 20.4% of the control, 93.6 ± 32.8 pA, n = 9, **P < 0.01 vs. IBTX + 4-AP). Single-channel currents were also recorded for the definitive identification of IK channels. In outside-out mode, a 145 mM KCl solution was used in both the pipette and bath solutions to generate a symmetrical K + gradient. The activity of the channels (NPo) at +80 mV was decreased by IBTX and 4-AP compared with the control (0.033 ± 0.012 to 0.012 ± 0.001, n = 8, control figure not shown). The mean single-channel conductance of the channels pretreated with IBTX plus 4-AP was 116 ± 15 pS in symmetrical high K + solution, and the NPo of the channels was increased to 0.35 ± 0.27 by the successive additions of EBIO to the bath (n = 8, P < 0.05, Fig. 2C ). These results confirmed that the channels pretreated with IBTX plus 4-AP were the IK channels.
Increasing the free [Ca 2+ ] on the cytoplasmic surface significantly increased channel activity (-30 mV, NPo, 0.28 ± 0.056 at pCa 6 to 1.10 ± 0.43 at pCa 5.5, n = 11, Fig. 2D ) in symmetrical K + solution (145K/145K), indicating that the activity of IK channels was dependent on Ca 2+ concentration. On the other hand, there was no voltage-dependent effect on IK channel activity in symmetrical K + solution because the amplitude of the channels was not increased proportionally by raising the membrane voltage even after the NP o and amplitude of the single channels were increased by stepping the voltage across the patch from -80 to +80 mV (n = 6, Fig. 2E ).
Effects of NO on IK Channels
We investigated the effects of NO on the IK channels in human dermal fibroblasts. The amplitude of IK currents after IBTX plus 4-AP pretreatment was significantly increased by the addition of 100 μM SNAP, an NO donor, to the bath and decreased by the successive additions of 10 μM clotrimazole (CLT), a non-specific IK channel blocker (Fig. 3A) . As shown in Fig. 3B , in the I-V curve for the currents from -60 mV to +50 mV step potentials and in the bar graph of the currents at a +50 mV step pulse, the addition of SNAP caused a significant increase in IK currents to 222.8 ± 44.9% of the control (at +50 mV, from 92.0 ± 16.4 pA to 205.7 ± 56.1 pA, n = 10, *P < 0.05 vs. control, Fig. 3B ).
When CLT was added to confirm IK currents, the increased currents by SNAP were decreased to 130.1 ± 13.2% of the control (143.4 to ± 27.5 pA at +50 mV, n = 10, *P < 0.05 vs. IBTX + 4-AP). In a cell-attached configuration of single-channel recordings, SNAP also significantly stimulated the IK channels (Fig. 3C) . The NPo of the IK channels was increased To elucidate the functional importance of cyclic nucleotide and kinases on the stimulating effects of NO on the IK channels, we first investigated the effects of the cAMP/PKA pathway on the IK channels because this pathway is known to be a predominant mechanism that modulates IK channel activity in several cell types (23, 36). KT5720, a specific cAMP-dependent PKA blocker, was added with IBTX plus 4-AP to the bath for 20 min before SNAP addition. Pretreatment with KT5720, however, did not block the stimulatory effect of SNAP on the IK channel activity (Fig. 4A) . IK currents were increased by 100 μM SNAP in the presence of 1 μM KT5720 in whole-cell recordings (at 50 mV, 203.6 ± 29.7% of the control, n = 5, **P < Fig. 6C ). In addition, after cells were pretreated with 10 μM ODQ, a soluble guanylate cyclase blocker, in the bath solution for 20 min, SNAP did not increase the IK currents in whole-cell mode recordings (93.7 ± 3.74% of the control at +50 mV, n = 8, Fig. 7, A and B) or cellattached recordings (NPo 0.0063 ± 0.0025 to 0.0054 ± 0.0021, at -80 mV, n = 5, Fig. 7C ). When applied to the cytoplasmic side of the inside-out patch in a 145 mM symmetrical K + bath solution, active PKG (PKG 1α), also increased the NPo of the IK channels significantly (0.153 ± 0.08 to 0.87 ± 0.39, n = 5, *P < 0.05, Fig. 8A ). The vehicle (10 μM cGMP, 10 μM ATP and 7 mM MgCl 2 ) that is required for PKG activation (2) had no effect on IK channels activities (NPo, 0.187 ± 0.12, at -40 mV, n = 5). We also assessed the effects of cGMP, which is generated from NOsoluble guanylate cyclase binding (26). 8-Br-cGMP (300 μM), a membrane-permeable cGMP analogue, increased the activity of the IK channels in cellattached mode (NPo, from 0.004 ± 0.001 to 0.37 ± 0.17 at -80 mV, n = 9, *P < 0.05, Fig. 8B ). The possibility of cross-activation between the PKA and PKG pathways on IK channels was also tested. PKAcs with 10 μM cGMP, which is required for the activation of the holoenzyme (39), did not increase IK channels activities (NPo, 0.0126 ± 0.023, n = 13, Fig. 5C ). In addition, pretreatment with KT5720 for 20 min did not block the stimulating effect of 8-BrcGMP on IK channel activities (NPo, 0.001 ± 0.001 to 0.18 ± 0.09, n = 4, *P < 0.05, Fig. 8C ), indicating a likely absence of cross-activation between the PKA and PKG pathways on the IK channels. 
NPo
Discussion
In the present study, we identified the expression of functional IK channels in human dermal fibroblasts and the stimulating effects of NO on the channels through the PKG but not the PKA pathways. In our experiments, electrophysiological recordings showed that IK channels in human dermal fibroblasts had an intermediate unitary conductance of 116 pS in symmetrical K + (145 mM) solutions, Ca (13, 24) . IK channels, originally termed Gardos channels in erythrocytes (9) , are predominantly expressed in various non-excitable cell-types in peripheral tissues, including those of the hematologic system (15, 20, 35) . The IK channels have many functions, including regulation and differentiation of cell volume (12, 35) , transepithelial secretion (7), activation and proliferation of lymphocytes (15), proliferation of renal fibroblasts (20) , and proliferation and migration of vascular smooth muscle cells (32). IK channels contribute to iNOS upregulation, NO production and subsequent NOinduced neurodegeneration in microglia (16) . IK channels are essential for NO-mediated vasorelaxation in the human umbilical veins and mesenteric arteries (6, 31) and also constitutively expressed in endothelial cells (5) . Activation of IK channels contributes to the activation of NOS and the subsequent generation of NO and is required to elicit endothelium-dependent hyperpolarization (31). From these results, IK channels are highlighted as potential therapeutic targets in cardiovascular diseases, acute brain damage, neurodegenerative diseases, renal fibrosis and other diseases.
In human dermal fibroblasts, NO is produced by eNOS and iNOS (37). NO accelerates recovery from burn wounds because it promotes re-epithelialization and wound closure by means of enhanced inflammatory cell infiltration, angiogenesis and facilitation of collagen synthesis in the wound bed (42). Conversely, the inhibition of NO synthesis is followed by a reduction in wound-breaking strength and markedly decreased collagen deposition (29). Thus, NO production by dermal fibroblasts could be important during wound healing and possibly also in the later stages of proliferation and tissue remodeling after skin injury in humans. NO exerts many physiological effects after its binding to sGC. As a result, SGC becomes active and catalyzes the production of cGMP, which activates PKG. In addition, PKA also activates eNOS, which produces NO. In smooth muscle cells (19) and in rat aortic endothelium (27), NO modulates the BK channels through PKG activation via the cGMP pathway. In a previous study, we also reported that NO stimulates the BK channels in human dermal fibroblasts through the cGMP/PKG pathway (18) and also through partial cross-activation of the cGMP/ PKA pathway (28).
The primary amino acid sequence of the human IK channels contains a putative phosphorylation site for PKA and PKG, which implicates possible regulation of the IK channels not only by Ca 2+ but also by additional second-messenger systems (30). In support of this, the cAMP/PKA pathway is known to modulate the IK channels in several cell types (10, 23, 36) . Regulation by other kinases such as PKG (11) or PKC (4) has also been reported. From these reports, we hypothesized that a similar pattern of kinase regulation of the IK channels would occur in human dermal fibroblasts; however, the results of this study suggest that PKA is unlikely to be involved in the regulation of IK channels in human dermal fibroblasts. We found that, increasing the level of cAMP directly with 8-Br-cAMP or indirectly by the activation of adenylyl cyclase with forskolin or the catalytic subunit of PKA did not alter IK channel currents. Instead, 8-Br-cGMP or PKG significantly increased the activity of IK channels. These results strongly indicate that the activity of IK channels in human dermal fibroblasts is regulated by the PKG-but not by the PKA-mediated second-messenger pathways.
In the present study, we found that NO also stimulated the IK channels significantly, and the NO effect was blocked by ODQ or KT5823 indicating that NO acts through the PKG pathway via stimulation of sGC. PKA-dependent phosphorylation is unlikely to be involved in the regulation of the IK channels since the stimulating effect of NO on the channels was not blocked by KT5720; however, the sensitivity of the IK channels to kinases may differ between cell lines and native cells, as described for other channels (23, 43). Here, we found that IK channel activities were not increased by PKAcs, and the stimulatory effect of 8-Br-cGMP on the channels was not blocked by KT5720 pretreatment.
In summary, the results of this study suggest that the PKG but not the PKA pathways may be involved in the stimulating effects of NO on IK channel activities. PKG also constitutes a key enzyme in the mediation of cGMP signaling in human dermal fibroblasts.
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